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ABSTRACT: A high-rate plasma-enhanced chemical-vapor-deposition (PECVD) process for aluminium oxide layers 
was developed at low temperatures to reduce minority carrier recombination on p-type c-Si surfaces. A maximum 
effective surface recombination velocity Smax of 10 cm s-1 was obtained on highly doped (1 Ω cm) p-type substrates. 
The optical constants n and k, the atomic composition of the layer, the surface charge density Qox and the interface 
defect density Dit of the PECVD AlOx layers were measured. Our main goal was to transfer the aluminium oxide 
deposition process from ALD technique to an industrial inline PECVD system with the aim to implement high-
quality field-effect passivation into a large and fast deposition system applicable in the industry. PECVD of AlOx can 
be transferred to already existing industrial inline systems to allow for a fast spreading of the technology. Excellent 
passivation quality can be obtained with AlOx PECVD deposition with deposition rates at least one order of 
magnitude higher compared to ALD. First cell results applying a close-to-industry approach with screen-printed front 
and rear metallisation on CZ-Si substrates (1252 mm2) showed VOC values above 630 mV. 
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1 INTRODUCTION 
 
 Crystalline silicon (c-Si) solar cells typically consist 
of p-type (boron-doped) silicon wafers with an n-type 
(phosphorus-doped) emitter. The wafer front surface is 
textured with random pyramids and covered with an anti-
reflection-coating (ARC), usually hydrogenated 
amorphous silicon nitride (a-SiNx:H). The contact on the 
front side is a printed metal grid and on the back side a 
full-area aluminium contact that provides an aluminium-
back-surface-field (Al-BSF).  
 The trend to lower wafer cost is followed by 
decreasing the thickness of solar cells. Hence, an 
increasing surface/volume ratio leads to an increase of 
surfaces losses by recombination. Therefore, the quality 
of surface passivation becomes more and more 
important. Field effect passivation and reduction of the 
interface trap density Dit are the two mechanisms that 
allow to provide a high passivation quality [1].  
 The application of hydrogenated amorphous silicon 
nitride layers (a-SiNx:H) as back side passivation of p-
type c-Si solar cells mostly leads to an inversion layer at 
the silicon substrate surface. In the majority of cases a 
shunting at the p-contacts occurs, inducing local current 
losses [2].  
 After forming gas annealing, thermally grown silicon 
dioxide (SiO2) provides very good passivation quality on 
lowly-doped p-type silicon, and is used in the high-
efficiency "Passivated Emitter Rear Locally diffused" 
(PERL) cell design [3, 4]. However, the high thermal 
budget during oxidation limits the application of this 
passivation process on different materials. An alternative 
approach to reach very low surface recombination 
processes uses a stack of thin SiO2 and PECVD 
dielectrics instead of only one thick SiO2 layer [5]. 
Thermal SiO2 does furthermore not afford the same high 
level of surface passivation for p-type emitters as 
observed for phosphorus-doped emitters [6].  
 a-Si:H obtained by PECVD has also shown good 
passivation quality on p-type silicon, and has been 

already demonstrated on solar cells [7]. However, a-Si:H 
layers show poor stability at high-temperature steps. This 
is strongly limiting the range in which thermal processing 
can be carried out after the deposition of such a layer.  
 
 The highest reported passivation quality using 
aluminium oxide has been obtained by plasma-assisted 
atomic layer deposition (PA-ALD) [8]. With this 
technique very controlled Al2O3 films can be produced 
which are very well suited for high-efficiency n-type as 
well as for p-type solar cells [9], in both cases the 
passivation of p-type surfaces is performed. This 
technique is feasible to produce homogeneous layers 
because the ALD technique allows the growth of the 
films atomic layer by atomic layer. However, this 
possibility is at the same time the disadvantage of this 
deposition technique because for one cycle which 
equates to the growth of one atomic layer (~1.2 Å) a time 
of approximately 5 s is needed [9]. A decrease in the 
thickness of the aluminium oxide layer was intended as a 
solution but even for a thin film of about 7 nm, at least 
necessary for high quality passivation, a deposition time 
of ~ 4.8 min is required [9]. This leads to a static 
deposition rate which is not exceeding 1.5 nm min-1.  
 
 The aim of this paper was the development of an 
aluminium-oxide (AlOx) passivation layer which can be 
applied on the back side of p-type c-Si solar cells. The 
main focus here is to transfer the AlOx deposition from 
atomic layer deposition technique (ALD) to industrial 
inline plasma-enhanced chemical vapor deposition 
(PECVD) process without a compromise in passivation 
quality.  
 
 
2 EXPERIMENTAL 
 
 The surface coating in these experiments was 
realized by an industrial inline PECVD system 
(Roth&Rau SiNA) system. This system is currently in 



extensive use in the crystalline Si PV industry, typically 
to deposit a-SiNx:H ARC layers on commercial mono 
and multi-crystalline silicon solar cells. Commercial 
inline systems of this type reach production throughputs 
of more than 1000 wafers per hour, and are not a limiting 
step in production. The plasma is created by 2.45 GHz 
microwave (MW) pulses, which are introduced to the 
reaction chamber via a linear antenna. A chamber 
pressure of approximately 0.15 mbar and a temperature 
of 300 °C were used. A mixture of nitrous oxide (N2O), 
trimethylaluminium (TMA; Al(CH3)3) and argon (Ar) 
was used as process gas.  
 The layers were investigated on shiny-etched boron-
doped (p-type; 1 Ω cm resistivity) Float-Zone (FZ) 
wafers with a thickness of 250 µm and a (100) crystal 
orientation.  
 Prior to the AlOx deposition a wet chemical surface 
cleaning which consists of a hot (~ 110 °C) HNO3 
treatment followed by a short HF dip and a water rinse 
was carried out.  
 A large carrier surface of approximately 1 m2 was 
used for the deposition. The samples were deposited 
symmetrically with PECVD-AlOx on both sides, where 
the deposition occurred on each side separately. A 
forming gas anneal (FGA) was applied to the samples 
after deposition to activate the passivation of the layers. 
The annealing took place for 25 min at a temperature 
range of 350 °C to 500 °C.  
 To investigate the thermal stability of the deposited 
films due to high temperature steps, as included i.e. for 
contact firing at a peak temperature of around 850 °C in 
industrial solar cell producing, some samples were 
processed in a commercially-used fast-firing oven (FFO) 
of Centrotherm. 
 The effective lifetime τeff of the samples was 
determined using a Sinton Consulting WCT-120 lifetime 
tester, operated in transient mode. The effective surface 
recombination velocity Seff can be calculated from the 
measured τeff by  
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where τbulk is the effective bulk lifetime and W 
corresponds to the thickness of the wafer. Here an 
infinite effective bulk lifetime τeff is assumed so the 
maximum surface recombination velocity can be 
calculated from the following equation: 
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 The optical constants n and k depending on the 
wavelength have been characterized by spectroscopic 
ellipsometry. The thickness of deposited films was also 
extracted by this method.  
 The atomic composition of the films was measured 
by x-ray photoelectron spectroscopy (XPS) after 30 s of 
Ar sputtering.  
 High-frequency and quasi-static Capacitance-Voltage 
(CV) measurements using a mercury probe were 
performed in order to extract the charge density (Qox) and 
the interface defect density (Dit) of the PECVD AlOx 
layers. The Dit was calculated using the method of 
Castagné and Vapaille [10].  

 
3 RESULTS AND DISCUSSION 
 
3.1 Surface recombination velocity after annealing 
 As-deposited samples did not show any effective 
carrier lifetimes of above 5 µs.  
 The annealing temperature has a crucial impact on 
the effective lifetime τeff. The highest lifetimes were 
measured with annealing temperatures of around 400 °C. 
The same behavior has already been observed by [11]  
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Figure 1: τeff as well as Smax is shown as a function of the 
excess carrier density.  
 
 Fig. 1 shows τeff as a function of the excess carrier 
density inside the wafer. This wafer is passivated with a 
50 nm-thick PECVD AlOx film. With an effective 
lifetime of τeff = 1250 µs at an excess carrier density of 
5 · 1014 cm-3 and a wafer thickness of 250 µm, Smax can 
be calculated to be approximately 10 cm s-1.  
 Fig. 1 shows that for excess carrier densities ranging 
from 1013 cm-3 to 1016 cm-3 Smax values are below 18 
cm s-1. PECVD and PA-ALD are therefore comparable in 
terms of passivation quality. This leads to the conclusion 
that the high uniformity and conformity of the Al2O3 
layer obtained by ALD deposition technique, is 
apparently not required in order to achieve good 
passivation quality.  
 A further advantage of PECVD compared to 
PA-ALD is the possibility to obtain high deposition rates. 
A dynamic deposition rate of 25 nm m/min 
corresponding to a static rate of 100 nm/min [12] was 
gained using PECVD deposition technique. Therefore the 
deposition process presented here is not limiting 
industrial applications in terms of throughput.  
 
3.2 Fixed charges and interface trap density 
 The charge density (Qox) and the interface trap 
density (Dit) of the AlOx layers has been measured using 
the method of high-frequency and quasi-static 
capacitance-voltage measurement (CV) shown in Fig. 2. 
Values of Qox = - 2.1 · 1012 cm-2 and 
Dit = 1.7 · 1011 eV-1 cm-2 were measured for a 30 nm 
thick PECVD AlOx layer after FGA. 
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Figure 2: High-frequency and quasi-static capacitance-
voltage measurements of a 30  nm  thin PECVD AlOx 
layer deposited on a p-doped substrate (1 Ω cm). A 
negative charge density of Qox = -2.1·1012 cm-2 was 
calculated from this curve. 
 
 The high density of negative charges induces an 
accumulation layer on p-type silicon, resulting in a field 
effect passivation. Low Dit associated with high negative 
surface charge density can explain the excellent 
passivation quality shown by PECVD AlOx layers on 
p-type silicon.  
 
3.3 Optical properties 
 The optical constants n and k, depending on the 
wavelength, given by spectroscopic ellipsometry 
measurements are shown in Fig. 3.  
 Crystalline silicon has a refractive index n of 
approximately 3.88 (at 630 nm). PECVD AlOx films 
show a refractive index of 1.61 at a wavelength of 
630 nm. The refractive index of the PECVD AlOx films 
is comparable to stoichiometric Al2O3 layers produced by 
ALD [13].  
XPS measurements showed that the atomic composition 
of PECVD AlOx is 60 % oxygen (O), 36 % aluminium 
(Al) and 4 % carbon where the nitrogen (N) and silicon 
signal was below the detection limit. Therefore the 
atomic composition of PECVD AlOx presented here is 
close to stoichiometric Al2O3 which is in agreement to 
the fact that the refractive indices of PECVD and ALD 
aluminum oxide are similar. 
 The angle of total reflection θc is given by the 
Snellius law  
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 With nSi ≈ 3.58 and nAlOx ≈ 1.60 at 1000 nm the 
calculation leads to an angle of total reflection of 
approximately 27 °. This offers a wide range for internal 
reflection of light at the back side of solar cells and thus 
a better light trapping and a higher solar cell 
performance.  
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Figure 3: The two optical constants n and k, depending 
on the wavelength, have been measured by ellipsometry.  
 
 
4  FABRICATION OF SOLAR CELLS (PERC)  
 
 The thermal stability of the deposited AlOx layers has 
been investigated at a temperature ranging from 700 °C 
to 900 °C by applying a temperature ramp as it is also 
used industrially for contact firing. Detailed 
investigations of this matter will be presented in a 
following publication.  
 
 PECVD AlOx films with a thickness of 100 nm were 
applied to Passivated Emitter and Rear Cells (PERC) as 
rear passivation. The solar cells were produced at the 
Photovoltaic Technology Evaluation Center (PV-TEC) at 
Fraunhofer ISE under industry-alike conditions.  
The material used here is 125 mm (pseudo-square 
format) Czochralsky (CZ)-grown mono-crystalline 
silicon wafers, boron doped (p-type, ~ 1.5 Ω cm) with a 
thickness of approximately 180 µm. The cells exhibit a 
textured front surface with a 65 Ω/sq emitter covered by 
a PECVD SiNx ARC.  
The contact on the front is provided by an industrial-type 
screen-printed silver (Ag) grid. On the rear side a full-
area screen-printed Al layer with laser-fired contacts 
(LFC) was applied.  
The open-circuit voltage Voc was measured to be 
approximately 632 mV before light-induced degradation 
that shows the excellent potential of the passivation 
approach. More details on the cell investigation will be 
published elsewhere.  
 
 
5 CONCLUSION 
 
 Symmetrical p-type Si wafers (FZ silicon, B-doped, 
1 Ω cm, 250 µm thick, shiny etched surfaces) passivated 
with PECVD AlOx layers on both surfaces were 
produced. τeff value of 1.25 ms which corresponds to a 
Smax value of 10 cm s-1 was obtained. This is comparable 
to passivation qualities of ALD Al2O3 layers. High 
negative charge densities (Qf ~ -2.1·1012 cm-2) have been 
measured by capacitance-voltage measurement (CV). 
Spectroscopic ellipsometry measurements revealed no 
significant absorption of the solar spectrum between 
250 nm and 1000 nm allowing the use of AlOx on either 
front or rear solar cell surfaces.  
Solar Cells, using the PERC concept, produced under 



industrial-alike conditions show a Voc of ~ 632mV.   
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